Abstract
Introduction
With the evolution of compact, light-weighted, low power and high quality display, there is a big demand of developing the low power consuming, high efficiency, and high-speed buffer circuit. The circuit should occupy a small die area, consume minimal power, have a settling time smaller than the horizontal scanning time, and a capability of offering high current resolution which can accommodate up to 256 gray levels. For a 4 V of full scale, each gray level corresponds to 16 mV [1] [2] [3] [4] .
Some output buffers were proposed and demonstrated in recent years. For examples, Yu et al [5] proposed a class-B output buffer for flat-panel-display column driver, for which a comparator was used in the negative feedback path to eliminate the quiescent current in the output stage; Lee et al [6] proposed a dynamic bias technique, to increase the bias current of the differential input stage of a two-stage amplifier when the input voltage difference is large; and Khorramabadi [7] also proposed a class-B amplifier which had a better power efficiency but with a large output transistor.
In this work, a class-B CMOS output buffer circuit is proposed. The circuit achieves the large driving capability by employing a simple but elegant comparator circuit to sense the transients of the input to turn on push-pull transistors, which are statically "off" when no input is applied. This increases the speed of the circuit without increasing too much static power consumption. The circuit also features a wide input voltage range, a large output swing. Fig. 1 shows the proposed class-B buffer circuit. As a buffer, the output is connected to the inverting input (in-) and the input signal is applied to the non-inverting terminal (in+). This buffer consists of a differential stage (M4-M8), two comparators (M9-M12) and a rail-to-rail push-pull output stage (M13-M14). The differential pair M5-M6, which is biased by the constant current source M1-M4, is loaded by the diode-connected transistors M7 and M8. The comparators are used to sense and amplify the voltage difference of two inputs. Then the output of the comparators turn on/off the push-pull transistors. The aspect ratios of M9 and M11 are chosen to be the same as those of M7 and M8. However, the W/L of M10 is chosen to be a little bit larger than half of M4 but M12 a little bit smaller than half of M4, i.e., In the stable state with no input, the output voltage equals to the input voltage. The currents flowing in M5, M6, M7, M8, M9 and M11 are all I/2. Then, the currents flowing in M10 and M12 are also I/2. However, since the aspect ratio of M10 is designed to be greater than half of M4, this will make M10 go out of the saturation region and be in the triode region. As a result, the gate voltage of M14 will be forced to be close to the value of V SS . M14 will then stay at "off". For the comparator M11-M12, similarly, M11 will be in the triode region. The gate voltage of M13 will be forced to be close to the value of V DD . M13 will also stay at "off'. That is: when no input is applied, M13 and M14 are cut off from the output. When there is an input, i.e., the input voltage of the non-inverting terminal is raised, say, by a step voltage , the current in M5
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will be increased to
will be decreased to
, where g m is the transconductance of M5 and M6. That is:
µ n and C ox are the electron mobility in the n channel and the gate oxide capacitance per unit area respectively. The current in M6 is mirrored by M8, M9 and M11 to the two comparators M9-M12. Since i D6 is decreased, M10 will still stay in the triode region. M14 will than still stay at "off". However, if i D6 is smaller than
where
transistor M11 will go into the saturation region and its drain voltage, i.e., the gate voltage of M13 will decrease to turn on M13. M13 starts to charge the output node. The larger is, the more M13 is turned on. Since the gate voltage of M13 can be decreased to a really low and M13 can be turned to fully "on" to charge the output by a maximal speed. Hence, the output transistors M13-M14 can be designed to be of smaller sizes than the conventional buffer. When the output voltage reaches the level that the voltage difference between the input and output is less than ,
m g / SG13 will be reduced and M13 begins to stop charging the output node. The smaller voltage difference is, the more M13 is turned off.
Similarly, when the input voltage of the non-inverterting terminal is reduced by a step voltage from the stable state, M13 will still stay at "off". If is greater than , M10 will go into the saturation region and M14 starts to discharge the output node. Also, when the output voltage reaches the level that the voltage difference between the input and output is less than , M14 begins to stop discharging output node. Hence, with the consideration of the offset voltage, the operation of this buffer can be summarized as follows:
will charge the output node.
2.
When
, both output transistors stay at off. where V OS is the input offset voltage of the buffer. Since M13 and M14 are "off" at the stable state, they draws no static current, thus does not consume static power. Hence, this circuit is low power while still can maintain a relatively high-speed.
Evaluation of Power Consumption
There are two components in the power dissipated in the amplifier. They are: the static dissipation, which is due to the dc bias current from the power supply and the dynamic dissipation due to the charging and discharging of the load capacitance [8] .
For this circuit, the static energy dissipation during a scanning period can be expressed as
where I bias is the total dc bias currents for the whole circuit and f scanning is the scanning frequency. The amplifier always consumes this static dissipation. For the dynamic dissipation, during transitions, as the load capacitance is charged, charges are transferred from V DD through the output PMOS transistor M13 to the load. Power dissipation in this PMOS transistor is given by
The energy dissipated in this PMOS device as the output charges from
As the output discharges to a lower value, the power is dissipated in the output NMOS transistor M14. This power dissipation is
The energy dissipated as the output discharges from V H to V L is given by ( )
The total energy dissipated in the amplifier as the output charges from V L to V H during one scanning period is therefore
When the output discharges, the total dissipated energy during one scanning period is
The total average power dissipated in one buffer amplifier during one scanning period is Fig. 2 shows the simulated results of the power supply currents for this buffer, which is loaded with a large size capacitor of 680 pF with a step-wise input of 0.8 V ~ 4.8 V. Curve (a) is the current supplied from V DD and curve (b) is the current drawn from V SS . The maximum transient current is 3.6 mA. However, the static current is only 47 µA. The maximum dynamic power consumption is 18 mW while the static power is only 235 µW.
The dynamic power consumption depends on the value of the output voltage swing. The maximum value occurs when the image on a column of the display is alternating black-and-white and pixel by pixel. However, when the image on a column is at a constant gray level, the dynamic power is zero. The horizontal scanning frequency ranges from 31.5 to 97.8 KHz [3] . The power dissipation of the buffer can be estimated from equations (13), (14) and (15) for a scanning period. Fig. 3 shows the maximum power consumption versus the scanning frequency with a 4 V output voltage swing (0.8 ~ 4.8 V) for the charging and discharging steps, respectively for the circuit. It can be seen that the power consumptions of the proposed buffer amplifier depend on the scanning frequency. However, they are only 0.833 and 0.997 mW for charging and discharging respectively during one scanning period even for the scanning frequency up to 100 KHz. Fig 4 shows the power consumption versus the output voltage swing for a 97.8 KHz scanning frequency for the proposed buffer. The solid line is the power dissipation as the output voltage is charged from 0.8 V while the dash line is the one discharged to 0.8 V. It can be seen that the power dissipation depends on the output voltage swing. 
Experimental Results
The proposed output buffer amplifier was fabricated using the TSMC 0.6-µm CMOS technology. The die photograph of the output buffer is shown in Fig 5. Fig. 6 shows the measured results of the output with the input of a large dynamic range (0.8 ~ 4.8 V) of a 100 KHz triangular wave of the buffer amplifier loaded with a 5 V supply and a large size capacitor of 680pF (not including parasitic capacitances of the pad and the test circuit). The lower trace is the input waveform and the upper one is the measured output waveform. It can be seen that the output basically follows the input. The step response of the buffer with a 100 KHz square wave is shown in Fig. 7 , where the lower trace is the input waveform and the upper one is the measured output waveform. The input voltage range is 0.8~4.8 V. The settling times for the outputs to settle to within 0.2% of the final voltage are 1.8 and 1.4 µs for the rising and falling edges, respectively. These values are low as compared with those of [3] . In order to show the small signal performance of the amplifier, Fig. 8 is the small signal step response of a 20 mV step waveform of the circuit. The lower trace is the input waveform and the upper one is the measured output waveform. The output waveform follows exactly the same as the input waveform with a small offset voltage of 5 mV. The total static current is 47 µA. 
Conclusion
In this paper, we have proposed and demonstrated a low power consumption, high speed, large output swing, and wide input voltage range class-B output buffer circuit which is very suitable for the flat-panel display application for driving the large column line capacitance. The driving capabilities of the circuit are achieved by adding comparators which sense the rising and/or falling edges of the input waveform to turn on a push/pull transistor to charge/discharge the output load. The push-pull transistors stay at "off" when there is no input applied, thus drawing no static power. The theoretical power dissipations of the proposed class-B buffer amplifier, which is loaded with a large size capacitor of 680 pF with the input of a step-wise (0.8 ~ 4.8 V) during one scanning period for a 97.8 KHz scanning frequency, are only 0.833 and 0.997 mW for charging and discharging respectively. Experimental prototype output buffer implemented in the TSMC 0.6-µm CMOS technology had demonstrated that the circuit draws only 47 µA static current, and exhibited settling times of 1.8 µs and 1.4 µs for rise and fall edges under a 680 pF capacitance load. The input swing is 4 V. The measured data do show that the proposed output buffer circuit is very suitable for the application in the flat panel as the display driver. 
